Abstract-A 3D localization approach for subsea pipelines is proposed using an internal mobile spherical detector without any external auxiliary location measurements. The process of solving for the pipeline orientation using the magnetic field and acceleration measured simultaneously by the spherical detector is formulated in the rotating sensor frame. Specifically, when the frames of the accelerometer and magnetometer are identical, the measured acceleration can be used to construct the rotation matrix to map the rotating sensor frame to the stationary pipe frame. This transformation by the rotation matrix can be applied to the measured rotating magnetic field to solve the orientation equations. The rolling frequency of the detector is used to calculate the spherical detector's velocity and mileage within the pipeline. The approach and the system have been successfully applied in a 30-km long oil pipeline. After calibration by aligning the calculated and actual pipeline ends through 3D rotation, an absolute localization error of 1.2 km is achieved. This result is promising as an initial model for future use with external measurements.
Many external and internal inspection methods have been tried for subsea pipeline inspection in special water environments. AUVs (autonomous underwater vehicles) [1] , [2] are often used for a wide range of approximate inspections of subsea pipelines, carrying many kinds of sonars and sophisticated navigation systems to scan the seabed. The pipeline's location and deformation can be extracted from the sonar images. ROVs (remote operated vehicles) [3] , [4] are used to manually track and scan suspicious pipe sections with underwater cameras and sonar in detail.
AUVs and ROVs can accurately locate the apparent external defects of subsea pipelines because they can determine their own position through the navigation systems, including inertial navigation, underwater acoustic positioning, a mother ship on the water surface, and GPS (Global Position System). As it takes a long time and is extremely expensive, external inspection is carried out for only one or two times per year.
Internal inspection methods are preferable, which use an inner detector pushed forward by the oil and gas inside the pipeline. While moving forward, the detector can inspect every point of the pipeline to obtain parameters with different sensors. The inner detectors usually cannot locate their own positions through sophisticated navigation systems like those in AUVs and ROVs, due to isolation from outside world and space limitations. However, localization of the defects can be equivalent to the localization of the detector and the pipelines.
One kind of traditional inner detector is the PIG (Pipeline Inspection Gauge) [5] , [6] , which has been widely applied in land pipeline inspections. However, because PIGs are bulky and in contact with the pipe wall tightly like a piston, they are susceptible to pipe deformation and bending. This can cause blockage and limit their application in subsea pipelines.
Spherical detectors have been proposed and developed independently by Richard and Muthu [7] and Guo et al. [8] , [9] . With a diameter much smaller than the pipeline's, the spherical detector can roll forward freely inside the pipeline with very little noise. The spherical detector can carry many different sensors, such as acoustic sensors, pressure sensors, accelerometers, and magnetometers. The corresponding signals recorded by the spherical detector are then processed by a PC offline to finish the inspection. This technology is highly suitable for subsea pipeline inspection because of its high signal-to-noise ratio and low risk of blockage.
Odometers [10] and inertial navigation [11] are commonly used for pipeline positioning by PIGs. Odometers can provide 1D distance from the pipeline's starting position to the detector, but cannot determine the relative 2D or 3D location. Inertial navigation usually requires GPS information or AGMs (Above Ground Makers) [12] to provide absolute position continually in order to eliminate cumulative error. However, since electromagnetic waves are shielded by steel pipes and sea water, GPS and AGMs are not applicable to subsea pipeline inspection. In this case, successful implementation of inertial navigation without GPS and AGMs for long time and distance requires the use of rate gyros and accelerometers with exceptionally accurate and stable outputs [13] , [14] . These inertial sensors are usually very bulky, high power consumption and expensive, and are therefore not suitable for pipeline spherical detectors.
However, as can be learnt from some similar applications [13] [14] [15] [16] [17] [18] [19] , miniature inexpensive solid-state sensors with complementary natures are intensely investigated to achieve the similar performance of those high-grade ones. The basic idea is that orientation drift errors resulting from gyro output errors can be bounded by aiding the gyros with magnetic and gravity field sensors, the information from which allows correcting the gyro orientation solution, and can help either mitigate the integration errors or specify the absolute orientation. The not-high precision of these miniature sensors restricts them to usually work in static or quasistatic situations [15] . Accelerometers are sensitive to both gravity and bodily accelerations in dynamic situations, which makes their discrimination difficult, especially as the speed of movement increases [13] . The earth magnetic field is strongly perturbed by surrounding artificial ferromagnetic structures.
Therefore, as for the spherical detector, it is rather challenging to detect where the defect occurs in the world frame, because the geomagnetic field is drastically shielded by the steel pipelines, and any signal measured by the spherical detector is in a rapidly rotating frame, which directly provides the rotation information only. The magnetic field distribution inside a pipeline is analyzed in [20] and [21] , and a corresponding method is proposed that utilizes the rotating magnetic field inside, collected by a smart ball, to calculate the mileage. The mileage is obtained by identifying the time when the detector passes by the girth welds. The distance between every two adjacent welds is the length of each section of the pipeline, which is known from the pipeline construction information. The feasibility of this method is further validated [22] when applied to a spiral steel pipe. Similarly, the girth weld identification can only provide 1D mileage information. A detection system is also proposed for determining the pipeline's orientation using a shielded geomagnetic field based on the spherical detector [23] . However, this method demands two strict conditions: the pipeline must be limited to the horizontal plane, and the rotation axis of the spherical detector must align with one of the three magnetometer axes, both of which are very difficult to satisfy.
The objective of this study is to develop a 3D localization approach for subsea pipelines using an enclosed spherical detector without any external auxiliary location measurements. First, the mathematical relationship among the 3D orientation of the pipeline, the magnetic field inside, and the local geomagnetic field, is formulated in detail to determine what is needed and how to calculate the orientation. The process of recovering the magnetic field in the stationary pipe frame Fig. 1 , from the rotating sensor frame or the detector's body frame, is also formulated. Secondly, the method of calculating mileage from the rotating signal is provided. Finally, the correctness of the proposed approach is validated through field experiments and relevant implementation details are discussed.
II. METHOD
The general idea is to use the spherical internal detector to measure its own mileage, s, and the corresponding unit tangent vector of the pipeline, T(s), at every instant of time, t, in the East-North-Up world frame O e -X e Y e Z e . The spherical detector's location, p(t), in the O e -X e Y e Z e frame at every value of t, can be described as:
where p 0 is the location of the starting position of the pipeline. Both the orientation of the pipeline and the mileage of the detector are calculated offline using the rotating magnetic field and acceleration signal recorded by the spherical detector when it is rolling through the pipeline. Therefore, the method consists of two parts: determining the pipeline's orientation and the detector's mileage measurement.
A. Orientation Measurement
The magnetic field inside the pipeline is used to calculate pipeline orientation. The following derivation can give an explicit mathematical relationship between the measured magnetic field, geomagnetic field, and pipeline orientation. Assume that the unit tangent vector of the pipeline is determined by two unknown angles ϕ and θ in the O e -X e Y e Z e frame, whose origin is at the starting position of the pipeline as shown in Fig. 1 . Then the unit tangent vector T of the pipeline, which denotes the axial direction of the pipeline, is described by Eq. (2) as:
Using the tangent vector T, the pipeline frame O p -X p Y p Z p is defined by Eq. (3) as shown in Fig. 1 :
Next, in a way that is similar to how the reference frames were attached to the backbone corves of snakelike robots in [24] , another pipeline frame O 1 -X 1 Y 1 Z 1 is defined by Eq. (4) as shown in Fig. 1 , wherein X 1 is parallel to the projection of T in the plane X e O e Y e :
The rotation matrices describing the relative transformations from frame O p -X p Y p Z p to O e -X e Y e Z e and from frame O 1 -X 1 Y 1 Z 1 to O e -X e Y e Z e can be written as Eq. (5) and Eq. (6), respectively:
Then the rotation from O p -X p Y p Z p to O 1 -X 1 Y 1 Z 1 can be written as:
The magnetic shielding factor matrix, which can be calculated using the spheroid model for a limited length cavity cylinder in [25] and [26] , is written as :
where λ a and λ r are the axial and radial magnetic shielding coefficients of the ferromagnetic pipeline respectively. So the geomagnetic field in pipeline shielded by the pipeline can be written as Eq. (9) 
where B 0 is the geomagnetic field in frame O e -X e Y e Z e in the area of the pipeline, and can be calculated using the International Geomagnetic Reference Field (IGRF) model online [27] , [28] or can be measured outside the pipeline.
Eq. (10) shows that if the magnetic field B 1 in the frame O 1 -X 1 Y 1 Z 1 inside the pipeline can be measured, then ϕ and θ can be solved for accordingly. Due to the rolling motion of the spherical detector inside the pipeline, it measures the magnetic field B 2 inside the pipeline in the rotating frame O 2 -X 2 Y 2 Z 2 with its rotation radius denoted as r , as shown in Fig. 2 . An ultra-compact 3D accelerometer and magnetometer module, whose sensing frames are identical, can be used to measure B 2 and the rotating acceleration a 2 in the frame O 2 -X 2 Y 2 Z 2 , with the angular velocity being ω. a 2 can be used to transform
Our previous field experiments show that the spherical detector can maintain stable rotation around an axis which points at a fixed direction and aligns with Y 1 (see experiment section) over a short period of time. The body frame O 3 -X 3 Y 3 Z 3 in Fig. 2 is defined by measuring its three axes in the frame O 1 -X 1 Y 1 Z 1 as Eq. (11): 
Assume that the relative rotation from frame O 2 -X 2 Y 2 Z 2 to O 3 -X 3 Y 3 Z 3 is Eq. (13): 
coordinates of three unit axes of the frame (14), shown at the top of this page, where
The output of the accelerometer, a 2 , is described in Eq. (16) as:
where g is a gravitational acceleration constant, and σ is the random noise generated by the spherical detector's bumping up and down and the slight vibration of the rotation axis. 
B. Mileage Measurement
As shown in Eq. (16), the measured acceleration consists of three parts: a 2ac -AC component due to the rotation of the frame, a 2dc -DC component corresponding to the centripetal acceleration, and a 2σ -random noise. Within a short time period the rolling motion of the spherical detector can be considered uniform (see experiment section). Its rotation axis is almost always Y 1 in frame O 1 -X 1 Y 1 Z 1 , because the spherical detector can only roll forward as the fluid inside can only flow forward along the pipeline. a 2ac contains the rolling velocity information of the spherical detector. The single tone frequency information of a 2ac 's any component can be extracted to get the instantaneous rotation frequency f of the spherical detector, and then to calculate the instantaneous velocity of the spherical detector as Eq. (18) when slipping is not considered:
where r b and D b are the radius and diameter of the spherical detector. Then the mileage of the spherical detector can be calculated as (19) :
When the slip between the spherical detector and the pipe wall is considered, the slip error can be approximated using the total length L 0 of the pipeline, resulting in an updated estimate of s(t) denoted as s 1 (t):
where t end is the ending time of the measurement.
III. EXPERIMENT
Our approach is proposed for subsea pipelines, but it is also equally valid for the land pipelines since the material, shape, and operation mode of both of them have no difference, although the land pipeline doesn't require three-dimensional positioning. In the interest of safety, before the spherical detector is applied to subsea pipelines, as the first verification, the system was used to inspect part of a certain product oil pipeline in southeastern China, as shown in Fig. 3 . The height varies little relative to the length of the pipeline. So the pipeline is almost located in a horizontal plane and θ is approximately zero. However, this is not taken as a prior knowledge for our 3D location approach. Both θ and ϕ are calculated. The material, geometry, and configuration parameters of the pipe and ball are listed in Table 1 . The sensor used by the spherical detector has 3 magnetic field channels and 3 acceleration channels, and their sensing frames are identical.
In [9] , the ability of the spherical detector to pass through 8-28 inch pipelines is investigated by using CFD simulations 
TABLE I EXPERIMENT PARAMETERS
and experiments on downsized and actual size pipelines. Specifically, the detector with a diameter of 184 mm and an average density of 1.35 g/cm 3 can pass through 8 or 10 inch vertical pipelines for a normal economical flow velocity of 0.7 m/s − 1.5 m/s. More generally, for the flow velocity of more than 0.7 m/s, a ball-pipe diameter ratio of 0.7 − 0.8 can ensure that the spherical detector with an average density of 1.35 g/cm 3 smoothly passes through pipelines of different sizes. If the diameter ratio is too big, collisions between the ball and the pipeline can be very severe, and the ball will shake drastically. 
IV. RESULTS AND DISCUSSION

A. Calculation of R 12 Using Measured a 2
Although the amplitude of measured a 2 has some fluctuations over long durations, it can stabilize for short time periods, which means the spherical detector rotates around a fixed axis on the timescale of seconds, as shown in Fig. 4 a and b. At the same time, a 2 contains some random noises, which can be removed by using zero-phase-shift filter (ZPSF) [29] . The reason why ZPSF is used is that the phase differences of each component of a 2 and B 2 are very critical because they are determined by the rotation axis b in the sensing frame O 2 -X 2 Y 2 Z 2 , and the original phase information needs to be preserved to calculate R 12 when depressing noise or removing DC components.
When the amplitudes of the three components of a 2 are used to calculate b and the second row of R 12 as shown in Eq. (14), their respective signs cannot be determined unlike the absolute values of vector b. However, we can use the error metric E R 12 to determine their signs. First, the error E R 12 is defined as Eq. (21):
where I is the 3-by-3 identity matrix, and · 2 denotes the Frobenius norm. If R 12 belongs to the three-dimensional rotation group, SO(3), the error should be zero, or very close to zero with noise [30] , [31] . Therefore, different signs of each element of b can be tried one by one, as Eq. (22), to select the case with the smallest error.
where −1, 1) }. Taking the same data segment in Fig. 4 b as an example, the results are shown in Fig. 4 c. For this acceleration data segment, E R 12 in the case where k= (−1,1,1) is less than 0.05, very close to zero, and is much smaller than those in all the other cases. Therefore, b' = (−|x 22 |,|y 22 |,|z 22 |) for this period of time. Then R 12 at every moment is finally calculated as Eq. (14) and Eq. (16).
B. Calculation of B 1 and Pipeline Orientation
The magnetic field B 1 in the frame O 1 -X 1 Y 1 Z 1 is then calculated as Eq. (17) strong periodic random noises come from the electromagnetic transmitter installed inside the spherical detector. These pulses are also received by the AGM, which is used to determine when the spherical detector passes by a specified location.
The system of three nonlinear equations in Eq. (10) is solved using numerical methods. During the entire experiment, B 0 changes within a limited range, and is calculated using the International Geomagnetic Reference Field (IGRF) model [28] . B 0 is chosen at the pipeline start, B 0 = (−1.57, 37.82, −24.48) μT. λ a = 0.977 and λ r = 0.072 are calculated based on the material and geometric parameters of the pipeline [25] , [26] .
The original calculated ϕ and θ for each instant of time are shown as dot lines in Fig. 6 . The curves are not smooth and there are many gross error points. The noisy points are very likely to result from B 1 and the numerical inaccuracy in solving nonlinear equations, because the direction of the pipeline is almost static. They need to be removed without changing the correctly calculated pipeline orientation.
A median filter (MF) [32] is used to remove these noises. MF works as following: Denote the input data as X = {x i } and the output filtered X as Y = {y i }. Each y i is set as the middle one of J i , a subset of X centered about the i th element of X, when J i are arranged in order. J i can be described as
where rl is the filter left rank, and rr is the filter right rank. Here rl and rr are set as rl=rr=2.
The filtered ϕ and θ for each moment are shown as solid lines in Fig. 6 . θ is very close to zero, which means the pipeline is located in the horizontal plane. ϕ will be verified in the route calculation results as below.
C. Calculation of Mileage and Location
The rotation frequency f of the spherical detector is extracted by using the Short-Time Fourier Transform (STFT) on one component of a 2 . The length of the STFT window in samples is set equal to 200. The center of the STFT window increases one by one in samples. STFT takes in a signal centered at each moment, finds the single frequency with the highest amplitude in a specified frequency range (1∼3 Hz), and returns the single tone frequency and amplitude. The velocity and mileage are then calculated as Eq. (19) and Eq. (20), respectively. As shown in Fig. 7 , the velocity of the spherical detector centers on an average of about 1.09m/s with some random noise. The calculated total length of the pipeline is a little shorter than the real length due to the slight slipping of the spherical detector. The calculated mileage is then compensated using Eq. (21) to eliminate the slipping error to some extent.
Measurements are made at discrete time {t i }. Time segment t i − t i−1 is only a couple of seconds, so T(s(t)) can be considered as a constant T(s(t i−1 )) from t i−1 to t i . With a subscript c indicating the calculated position, p c (t i ) is denoted as p ci , T(s(t i )) as T i , and s(t i ) as s i , and then Eq. (1) can be operated as Eq. (23):
where i = 1, 2, 3, . . . , p c0 = p 0 , and
The calculation results of p ci are shown in Fig. 8 a in the form of a route projected onto the X e O e Y e plane for comparison with the pipeline map provided by the pipeline company. Calculated p ci has rather serious deviations in both the orientation and mileage from the actual route while the route shapes are almost identical. Specifically, when the original calculated θ and ϕ are used without filtering, the calculated route is much shorter. There are two reasons for the orientation deviation. First, the calculated geomagnetic field B 0 does not equal the true value in the local area where pipeline locates, because B 0 comes from an ideal and average geomagnetic model although it has no noise. Second, magnetic shielding factors λ a and λ r are not accurate either, because they are also calculated using some ideal formulae. Pipeline seems shorter than real length, because the calculated orientation includes random noise and causes random changes of local directions, making the calculated route not so smooth as the actual. When given a certain mileage, the end of the pipeline will reach nearer. Therefore, filtering can help to eliminate the mileage loss to some extent. To eliminate these deviations, we need to make considerable effort to measure the geomagnetic field near the pipeline and calculate magnetic shielding factors in axial and radial directions. We need to manufacture many sections of pipelines and place them in different directions, and then measure the axial and radial magnetic fields inside these pipelines. For these short pipelines, the magnetic field in the stationary frame can be got by using another translational detector without rotation.
However, for the subsea pipeline, a more effective calibration method is adopted. As mentioned at the beginning of section 2.1, the origin of the frame O e -X e Y e Z e is at the pipeline's starting position. Denote the actual position of the pipeline end in the frame O e -X e Y e Z e as p a , and the calculated end position as p c . p a and p c are also the actual and calculated vectors from the pipeline start to the pipeline end, respectively. Rotation and scaling transformation of p ci are made so that the calculated end position can overlap the actual one. The rotation axis and angle are calculated as Eq. (24) and Eq. (25):
The rotation matrix is then calculated as Eq. (26) and (27) [30] :
where n = (n 1 , n 2 , n 3 ).
The scaling factor is calculated as Eq. (28).
The calculated pipeline position is then transformed as Eq. (29):
The route and height-mileage after calibration are shown in Fig. 8 b and c. When the end of the pipeline is forced to coincide with the actual position, the whole pipeline almost coincides with the actual route, with a maximum deviation of about 1.2km. Measured height is almost always close to 0km. Compared with the height data as in Fig. 3 a, provided by the pipeline company, they are not very inconsistent, but they are in the same order of magnitude. This is because the height of the pipeline varies so little relative to the mileage that θ is very small. Therefore, the height changes cannot be sensed correctly.
D. Discussions
There are still many measurements that should be tried in order to improve the positioning accuracy. First, the rotation axis needs to be stabilized further. The spherical detector can be redesigned specially to make its main rotary inertias I xx , I yy , and I zz satisfy the condition that one of the three is much more than both the other two so that the spherical detector is easier to keep rotation around that axis. Here axes x, y, and z can be configured in any direction relative to the sensor frame.
Second, there is bias between the true and the calculated magnetic shielding matrix and geomagnetic field using an ideal model. In addition to using the proposed calibration method to eliminate the location bias in great extent, many field experiments need carrying out to accumulate a lot of magnetic field data inside and outside pipelines, to infer their experience formulae, which may be more practical and accurate. To calculate the pipeline orientation, one should avoid using the magnetic fields near the girth welds, which usually distribute within 0.5 m, as they do not follow the magnetic shielding theory of steel pipes [20] , [21] . The methods of identifying the girth welds using measured magnetic fields inside pipelines can be found in [21] .
Finally, it's better to choose the first and third sub equations in Eq. (10) for numerically solving θ and ϕ. Because B 1x ,B 1y , andB 1z are horizontally forward, horizontally left, and upright components of the magnetic field inside pipeline, B 1y is always radial and will keep a small constant with low signal to noise ratio due to the severe magnetic shielding attenuation regardless of the change of the pipeline orientation, while both B 1x and B 1z can vary accordingly as the pipe orientation varies. Therefore, the solution is more accurate when using B 1x and B 1z to solve the nonlinear equations in Eq. (10).
V. CONCLUSIONS A 3D localization approach for the subsea pipeline is proposed using an inner spherical detector without any external auxiliary locating measurements. The way that the geomagnetic field is mapped into the pipe frame by the pipeline's orientation is formulated explicitly. The according equations can be solved for the pipeline's orientation by using the transformed magnetic field in the stationary pipe frame. When the frames of the accelerometer and magnetometer are identical, the measured acceleration can be used to construct the rotation matrix mapping the rotating sensor frame to the stationary pipe frame. This transformation can be applied to the measured rotating magnetic field to solve the orientation equations. Velocity and mileage of the spherical detector are calculated from the frequency of the spherical detector rotations.
The proposed approach and system is successfully applied to a 30km long product oil pipeline. Test results show that the orthogonal deviations of the transformation matrix can be used to determine the signs of its second row. The localization error can be eliminated in great extent through calibration of rotating the calculated 3D route around an axis so that the calculated pipeline end overlaps the true known end. Finally, an absolute localization error of 1.2km is achieved and the validity of the proposed method is demonstrated. This result is promising as an initial model for future use with external measurements.
Further work to improve localization precision is also discussed and summarized. The spherical detector needs redesigning specially to make it run more stably. The magnetic shielding factor matrix and geomagnetic field should be obtained in a more accurate way. When the pipeline orientation varies significantly in 3D space, the solution is more accurate when using B 1x and B 1z to solve the nonlinear equations rather than using all the three components. More field tests of the proposed approach will be conducted in many subsea pipelines in the future.
